In tapping mode atomic force microscopy (AFM), a sharp probe tip attached to an oscillating cantilever is allowed to intermittently strike a surface. By raster scanning the probe while monitoring the oscillation amplitude of the cantilever via a feedback loop, topographical maps of surfaces with nanoscale resolution can be acquired. While numerous studies have employed numerical simulations to elucidate the time-resolved tapping force between the probe tip and surface, until recent technique developments, specific read-outs from such models could not be experimentally verified. In this study, we explore, via numerical simulation, the impact of imaging parameters, i.e. set point ratio and drive frequency as a function of resonance, on time-varying tip-sample force interactions, which are directly compared to reconstructed tapping forces from real AFM experiments. As the AFM model contains a feedback loop allowing for the simulation of the entire scanning process, we further explore the impact that various tip-sample force have on the entire imaging process.
Introduction
Since its invention in 1986 [1] , the atomic force microscope (AFM) has become a standard technique in imaging structure and measuring physical phenomena at the nanoscale. In AFM, the force interaction between a sharp probe tip affixed to a flexible cantilever and surface is measured. A laser is reflected off the back of the cantilever and focused onto a positionsensitive photodetector, creating an optical lever capable of measuring the vertical deflection of the cantilever with subangstrom resolution. Images are formed by raster scanning the tip across the surface while using a feedback loop to monitor the force interactions between the tip and surface. Owing to its ability to significantly minimize lateral forces associated with scanning, tapping (or intermittent contact) mode AFM has become an increasingly important experimental technique in studying soft, easily damaged, nanoscale structures [2] . During tapping mode operation, the cantilever is oscillated near its resonance frequency, ω o , resulting in a 'free' amplitude, A o . When the cantilever is placed in close proximity to the surface, the tip intermittently contacts (or taps) the surface, resulting in a decreased cantilever oscillation amplitude from the 'free' amplitude to a 'tapping' amplitude A. The image is acquired during raster scanning over the sample by measuring the necessary adjustments to the vertical displacement of the scanner, via a feedback loop, to maintain the constant value of set point ratio s = A/A o . The feedback loop provides precise control over the cantilever amplitude, and thus, the tapping force between the tip and surface.
In an effort to more fully understand the interaction between the probe tip and sample surface in tapping mode AFM, cantilever-based numerical simulations are often employed [2] [3] [4] [5] [6] [7] [8] [9] [10] . These simulations have been extensively used to understand the effect of various parameters on tipsample interactions, such as the time-varying tapping forces, phase, and amplitude. Due to experimental limitations, i.e. the inability to measure time-varying tapping forces, many of the insights gained from such models have not been directly (1) which were used to model cantilever dynamics. (b) Numerical simulations were performed with SIMULINK as illustrated. Key components of the model include the cantilever drive, cantilever model (shown in further detail in (c)), the tip/sample force model which contains the ability to change the surface modulus (shown in further detail in (d)), the amplitude measurement, the topography model, feedback loop with an PID controller, and the set point parameter (abbreviated sp).
verified experimentally. Furthermore, in most numerical simulations of tapping mode AFM, only the dynamic behavior of the cantilever has been studied, and only a relatively few studies have taken into account the transient effects observed while scanning [7, 10, 11] . One of these studies demonstrated, with experimental verification, that operating far below the resonance frequency of the cantilever can lead to greater cantilever stability, resulting in the ability to employ higher feedback gains, better feature tracking, and faster scanning rates [7] . Numerical simulations indicated that the trade-off for this increased cantilever stability was larger tip-sample forces the further below resonance the cantilever was driven; however, due to the previously mentioned limitations, this result was not experimentally verified.
Recent AFM technique development efforts have been focused on simultaneously obtaining measurements of physical properties of surfaces while imaging via tapping mode [11] [12] [13] [14] [15] [16] [17] . One method to accomplish this goal is to reconstruct the time-resolved force interaction between the tip and surface during tapping mode operation. The time-resolved tip-sample force during tapping contains information analogous to that obtained from the standard force curve experiment. The reconstruction of tapping forces has been achieved in both operation in air [12] [13] [14] [15] [16] and fluid [11, 18] . While the main thrust of these efforts was to extract quantitative measurements of material properties while simultaneously imaging a surface in the tapping mode, this ability now also allows for the direct comparison of time-varying tapping forces measured from experiment with numerical simulations of tapping mode AFM.
In this study, we investigate, via numerical simulation and experiment, the relationship between imaging parameters and the time-varying tapping force on both hard and soft surfaces. We first explore the influence of amplitude set point on time-varying tapping forces. Second, we determine the role drive frequency as a function of resonance plays in tip/surface force interactions. Finally, we demonstrate how the generated tapping forces influence the image of a soft nanoscale feature Figure 2 . The amplitude response of a cantilever around its resonance frequency for both (a) simulations and (b) real experiments. Drive frequencies at specific 'x% below resonance' are indicated. x% below resonance is defined as the frequency at which the free amplitude drops down to x% of the free amplitude at the resonance frequency for any given drive amplitude.
on hard surfaces and propose a method for estimating the true height of soft compressible features in tapping mode AFM images. Simulated time-varying tip-sample forces for tapping operation on a 60 GPa surface (similar to mica). With drive frequency set at (a) 90%, (b) 70%, (c) 50%, (d) 30%, or (e) 10% below resonance, the maximum tapping force, total tapping force, and contact time increased with a reduction of set point ratio from 0.9 to 0.5. The legend in (a) applies to (a)-(e). (f) Time-varying tip-sample force interactions are compared at operating drive frequencies of different %'s below resonance at a set point ratio of 0.8. The maximum tapping force, total tapping force, and contact time increased as the cantilever was driven further below resonance.
Experimental details

Numeric simulations of tapping mode AFM
To investigate the relationship between imaging parameters and time-varying tapping forces, numerical simulations were performed with the aid of SIMULINK and MATLAB (MathWorks Inc., Natick, MA). Several key parameters in modeling cantilever dynamics are schematically shown in figure 1(a) , while the complete SIMULINK model is shown in figure 1(b) . In these simulations, the cantilever was modeled as a single degree of freedom damped driven harmonic oscillator [19] [20] [21] [22] .
where m eff is the effective mass of a cantilever, b is the damping coefficient, k is the cantilever spring constant, a 0 is the drive amplitude, ω is the drive frequency, D 0 is the resting position of the cantilever base, F ext is the tip-sample force, and z is the position of the cantilever with respect to the surface. The SIMULINK cantilever model is shown in figure 1(c) . During tapping mode operation, the cantilever oscillation results in a continual changing separation distance between the probe tip and sample surface, with the probe tip briefly contacting the surface during each oscillation cycle. This results in two tip-sample interaction regimes: (1) at large separation distance when the tip and surface are not in contact and (2) when the tip and surface are in contact during the tapping event. For large tip-sample separation distance, the external force can be approximated using the van der Waals interaction between a sphere and flat surface [23] :
where H is the Hamaker constant, R tip is the tip radius, and a DMT is the interatomic distance parameter of a DerjaguinMuller-Toporov (DMT) potential [24] . At the bottom of each oscillation cycle, the probe tip contacts the surface when the separation distance z is smaller than the interatomic distance (a DMT ). Under these conditions, the tip-sample force can be described by a DMT potential.
with
where E tip , ν tip and E sample , ν sample are, respectively, the Young's modulus and Poisson coefficient of the tip and the sample. The tip/sample force model is shown in figure 1 
The model also contains a feedback loop equipped with a PID controller (although only the integral gain was used Figure 4 . Simulated time-varying tip-sample forces for tapping operation on a 2 GPa surface (similar to polystyrene). With drive frequency set at (a) 90%, (b) 70%, (c) 50%, (d) 30%, or (e) 10% below resonance, the maximum tapping force, total tapping force, and contact time increased with a decreasing set point ratio. The legend in (a) applies to (a)-(e). For any given combination of set point and drive frequency, the total force was equal to the total force for the same parameters as measured on the 60 GPa surface (figure 3). (f) Time-varying tip-sample force interactions were compared at operating drive frequencies of different %'s below resonance at a set point ratio of 0.8. The maximum tapping force, total tapping force, and contact time increased as the cantilever was driven further below resonance. in this study), which allows for a more complete simulation of the scanning process in tapping mode AFM [7] . The feedback loop was implemented by measuring the cantilever amplitude, comparing it to the specified set point, and adjusting the cantilever position to maintain the set point using an integral gain. The cantilever amplitude was measured by inspecting the cantilever position signal over the length of one oscillation cycle using signal processing tools available in SIMULINK. This feature allows for simulating the process of acquiring an AFM scan line in which a well-defined feature is contained by feeding predetermined surface topography information into the model. The effect of altered sample Young's modulus on the imaging process can also be explored by changing the inputs into equation (4) and feeding the result into equation (3) (as shown in figure 1(d) ). These changes in Young's modulus can be synchronized with the predetermined surface topography to model the imaging process on a wide array of scenarios, for example imaging a soft particle on a hard surface.
For numerical simulations, five different oscillation frequencies were explored. These drive frequencies were determined by finding the frequency at which the free cantilever oscillation amplitude was 90%, 70%, 50%, 30%, and 10% of the free cantilever amplitude at resonance for any given drive amplitude (as shown in figure 2(a) ). For simplicity, these frequencies will be referred to as 'x% below resonance'. For comparison between operating frequencies, the drive amplitude was adjusted so that the same cantilever free amplitude was achieved at each frequency.
AFM experimental details
Actual tapping mode AFM experiments were performed with a NanoScope V MultiMode scanning probe microscope (Veeco, Santa Barbara, CA) equipped with HarmoniX capabilities. HarmoniX microscopy operates simultaneously with tapping mode, allowing for the reconstruction of tipsample force interactions by measuring the torsional amplitude at higher harmonic frequencies of the tapping mode drive frequency [12] [13] [14] [15] [16] . HarmoniX microscopy requires the use of specially designed probes where the tip is offset to one side of the cantilever. Imaging was performed with HarmoniX probe silicon cantilevers (Veeco, Santa Barbara, CA) with a nominal spring constant of ∼4 N m −1 , vertical resonance frequency of ∼60 kHz. During imaging, individual time-varying tip sample force interactions were captured using the NanoScope V's built in high speed data acquisition capabilities. Similar to simulations, operating frequencies were chosen to be 90%, 70%, 50%, 30%, and 10% below resonance ( figure 2(b) ). For each frequency, the drive amplitude was chosen to result in a free cantilever oscillation amplitude of 40 nm. For all Figure 5 . Tapping mode AFM images of (a) mica and (b) PS/EDPM taken with the HarmoniX capabilities. While imaging these two surfaces, the set point ratio was systematically changed at precise intervals. By forcing the capture of these images, data directly comparing the peak tapping force at any given operating frequency at a variety of set point ratios was obtained. A polynomial flattening procedure was applied to the height images (top images). As the same cantilever and imaging parameters were used to image both surfaces, the measured amplitudes at any given set point ratio were the same on both surfaces (middle images). While the resulting maximum (peak) forces measured on each surface decreased as the set point ratio goes to 1, the maximum force for any given set point was larger on the harder mica surface (bottom images).
experiments comparing set point and drive frequency, the gains and scan rate remained constant.
Tapping mode AFM HarmoniX experiments were performed on a variety of surfaces: mica (Ted Pella Inc, Redding, CA), Polystyrene/ethylene propylene diene M-class rubber mixture (HarmoniX standardization sample provided by Veeco, Santa Barbara, CA), and melted polystyrene beads on silicon. A sparse number of small protein aggregates (∼3 nm tall) were deposited on the mica to provide small features that could be used to verify that the probe trip was properly tracking the mica surface during imaging. Preparation of the melted polystyrene bead sample was prepared by sparsely depositing 200 nm polystyrene beads on a freshly cleaned silicon substrate. These substrates were then heated to 250
• C for 1-2 h, followed by plasma treatment. This process was repeated until PS features of the appropriate size were observed in AFM images.
Results and discussion
In an effort to understand the effect set point and operating frequency have on the time-varying tip-sample force associated with tapping mode AFM, single degree of freedom simulations were performed with parameters based on the typical properties of commercially available HarmoniX cantilevers.
These typical parameters were as follows: resonance frequency of 60 kHz, spring constant of 4 N m −1 , and free amplitude of 40 nm. As tapping mode AFM is commonly used to image a variety of surfaces, we performed simulations of tapping mode AFM on two model surfaces of different Young's moduli, a 60 GPa surface (model of mica) and a 2 GPa surface (model of polystyrene). While these simulations could have been performed in the steady state, we chose to use a feedback loop to actively maintain the tapping amplitude.
Simulations were performed at a series of set points at several operating frequencies below resonance. Individual time-varying tip-sample force interactions obtained from numerical simulations are shown for the 60 and 2 GPa model surfaces in figures 3 and 4 respectively. The maximum force and total tip/sample force per oscillation cycle were investigated. The maximum force is defined as the peak or largest force experienced between the tip and sample. The total force is defined as the sum of the entire tip/sample force interaction over one cantilever oscillation cycle or the force integrated over one cycle. On both surfaces, the tapping force (both maximum and total force per oscillation) systematically decreased as the set point ratio was changed from 0.5 to 0.9. This relationship between set point and tapping force was independent of operating frequency. That is, at any given operating frequency, the associated tapping forces were smaller as the set point ratio approached 1. However, the increase in tapping force associated with reducing the set point ratio was larger when operating further below resonance. While the total force between the tip and surface per oscillation cycle remained constant for any given set point ratio (total force on 60 GPa surface was the same as on the 2 GPa surface), closer inspection of these simulated force profiles revealed that for any given combination of set point ratio and operating frequency that the maximum (or peak) tapping force was higher on the 60 GPa surface in comparison to the softer 2 GPa surface with a corresponding longer contact time for the softer surface. On both surfaces, the tapping forces (total and maximum) were larger at any given set point ratio as the cantilever was driven further below resonance, as is demonstrated in figures 3(f) and 4(f) for a set point of 0.8.
To verify the relationship between set point ratio and tipsample forces, we imaged two distinct surfaces, mica and polystyrene/ethylene propylene diene M-class rubber mixture (PS/EPDM), using the HarmoniX imaging mode, which allows for the direct measurement of the time-varying tip-sample forces during imaging. Small protein aggregates were sparsely deposited on the mica surface (∼0.5 aggregate per square micron) to ensure that chosen operating parameters were able to track the surface. The PS/EPDM sample was predominantly PS, providing ample room to measure the tapping forces on PS with the EPDM features providing evidence that the surfaces was being adequately tracked. These surfaces were chosen due to their respective Young's moduli near those of the model surfaces used in simulation, providing relatively hard and soft 
50%, (d) 30%, or (e) 10% below resonance, the maximum tapping force, total tapping force, and contact time increased with a decrease in set point ratio as predicted by simulation. The legend in (a) applies to ((a)-(e)). (f) Time-varying tip-sample force interactions are compared at operating drive frequencies of different %'s below resonance at a set point ratio of 0.8. As was predicted by simulation, the maximum tapping force, total tapping force, and contact time increased as the cantilever was driven further below resonance.
surfaces for experimentation, while still being within the range in which HarmoniX can accurately measure modulus [14] . While imaging these two surfaces, we systematically changed the set point ratio at precise intervals. By forcing the capture of these images, we were able to obtain images of these surfaces that directly compared the maximum (peak) tapping force at any given operating frequency at a variety of set point ratios. Figure 5 shows representative images from this experiment for a cantilever operated at 70% below resonance. Topography images of the mica and PS/EPDM sample displayed no apparent changes as the set point ratio approaches 1. However, this was primarily due to the application of a polynomial line flattening procedure to the image to correct for image curvature. The impact of set point on measured height profiles will be more precisely explored by simulation and experiment on a soft step presented later. The amplitude images of both surfaces displayed a distinct pattern due to the change in set point during imaging. While the drive amplitude was chosen to obtain a free cantilever amplitude of 40 nm, the amplitude image corresponds to tapping amplitudes of 20 nm (top of the image, set point ratio of 0.5), 24 nm (set point ratio of 0.6), 28 nm (set point ratio of 0.7), 32 nm (set point ratio of 0.8), and 36 nm (bottom of image, set point ratio of 0.9). As the same cantilever, driven at the same frequency and drive amplitude, was used to image both surfaces, the amplitude values obtained on the two surfaces are identical for any given set point ratio.
The maximum tapping force images show a corresponding decrease in the magnitude of this peak force, as would be predicted from our simulation, as the set point was systematically changed from 0.5 to 0.9. While the tapping amplitude obtained on the two different surfaces are clearly the same due to the precise control of the set point ratio, the resulting maximum tapping force was higher on the harder mica surface for any given set point in comparison to the corresponding maximum tapping force on the polystyrene portions of the softer sample (compare the scale bars for each image). This difference in maximum tapping force was predicted by our simulations.
To more systematically compare the time-varying tapping forces in real experiments, we used the high speed data capture capabilities of the HarmoniX mode to capture individual force profiles on the mica and PS/EDPM surfaces. These force profiles were captured at a series of set point ratios at several operating frequencies below resonance and are presented in figures 6 and 7 for mica and PS/EDPM respectively. As was seen in the maximum tapping force images (figure 5), the maximum tapping force systematically decreased as the set point ratio is changed from 0.5 to 0.9 on both surfaces at all operating frequencies. Closer inspection of these force profiles reveal that, as predicted in simulation, for any given condition the maximum tapping force was higher on mica in comparison to PS, with a corresponding longer contact time on the softer PS surface. However, the total force per oscillation cycle, , or (e) 10% below resonance, the maximum tapping force, total tapping force, and contact time increased with a decrease in set point ratio as predicted by simulation. The legend in (a) applies to (a)-(e). For any given combination of set point and drive frequency, the total force was equal to the total force for the same parameters as measured on the mica surface ( figure 6 ). (f) Time-varying tip-sample force interactions are compared at operating drive frequencies of different %'s below resonance at a set point ratio of 0.8. As was predicted by simulation, the maximum tapping force, total tapping force, and contact time increased as the cantilever was driven further below resonance.
defined as the sum of the tip/sample force during the course of one oscillation cycle, remained relatively constant between the different surfaces for any combination of set point ratio and operating frequency. On both surfaces, the tapping forces were larger at any given set point as the cantilever is driven further below resonance, as is demonstrated in figures 6(d) and 7(d) for a set point of 0.8. While we have established that total force and maximum force increased with smaller set point ratios and with operation further below resonance, we next wanted to determine the impact of these increased forces on the process of acquiring an image. Therefore, we performed a series of numerical simulations of imaging a soft 12 nm tall rectangular step ( figure 8(a) ). The Young's modulus was 100 GPa before and after the step on our model surface with a reduction to 2 GPa on the step. The simulation parameters were chosen to correspond to imaging a 1 μm line with a scan rate of 1 Hz. Free oscillation amplitude of the cantilever was 40 nm. Simulations were performed with set point ratios of 0.9, 0.8, 0.7, 0.6, and 0.5 for operating frequencies 90%, 70%, 50%, 30%, and 10% below resonance. For these simulations, we only employed the integral gain in our feedback loop, and the value of the gain remained constant under all conditions. The AFM model was able to track the surface step under all simulation conditions; however, the height of the trace over the step was consistently smaller than the actual step height. This reduced measured step height was caused by the different compressibility, or softness, of the step in comparison to its more rigid surroundings. This phenomenon is the basis of compliance-based contrast in tapping mode AFM. Due to the implementation of the feedback loop which maintains constant cantilever amplitude during scanning (with the exception of edges, where transients appeared while the feedback loop was trying to restore the cantilever tapping amplitude to the set point), the total force in each oscillation cycle remained constant while the peak tapping force decreased on the softer step accompanied by an increase in contact time. For any given operating frequency, the compression of the soft step increased as the set point ratio was lowered, due to the higher tapping forces associated with lower set point ratios. As the tapping forces increased at a faster rate as a function of lowering the set point ratio when the cantilever is driven further below resonance, the compression of the soft step due to a reduction in set point ratio was more pronounced at operating frequencies further below resonance. As the magnitude of tapping force is also correlated with operating frequency, sample compression increased when operating further below resonance at any given set point ratio ( figure 8(g) ).
We next verified our simulation results in a real experimental system. For these experiments, we imaged the Figure 8 . Tapping mode AFM simulations of imaging a soft step on a hard surface under various operating conditions. (a) The model topography used in the simulations is represented. The Young's modulus before and after the step was 100 GPa and 2 GPa on the step. Simulations of imaging this model topography were performed with various set point ratios ranging from 0.5 to 0.9 and at different operating frequencies below resonance. The integral gain was kept constant for all simulations. A series of simulated scan lines taken over the soft feature are shown as a function of set point ratio for operating frequencies (b) 90%, (c) 70%, (d) 50%, (e) 30%, and (f) 10% below resonance. The legend in (b) applies to (b)-(f). At all frequencies below resonance, the measured height of the step decreased as a function of smaller set point ratios due to compression of the soft feature. (g) The compression of the soft step at operating drive frequencies of different %'s below resonance at a set point ratio of 0.7 is compared. Compression increased as the system was operated further below resonance. same line (slow scan axis disabled) over a small polystyrene feature deposited on silicon with different set point ratios and operating frequencies ( figure 9(a) ). Again, we systematically changed the set point ratio at precise intervals. By forcing the capture of these images, we were able to obtain a series of line scans of the same feature at any given operating frequency at a variety of set points. Each profile presented is an average of 10 scan lines (figures 9(b)-(g)). For any given operating frequency, the measured height of the PS feature was smaller as the set point ratio was changed from 0.9 to 0.5, indicating a higher degree of compression. As was observed with the model, compression appeared to be more sensitive to set point ratio as the cantilever is driven further below resonance. As would be expected for any given set point Figure 9 . Experimental verification of sample compression due to increased tapping forces associated with changes in set point ratio and drive frequency. (a) A representative tapping mode AFM images used in this experiment in which a polystyrene features was imaged with the slow scan axis disabled. The feature was imaged with set point ratios ranging from 0.5 to 0.9 and at different operating frequencies ranging from 10% to 90% below resonance. A series of scan lines taken over the feature at approximately 530 nm in the image shown in (a) are represented as a function of set point ratio for operating frequencies (b) 90%, (c) 70%, (d) 50%, (e) 30%, and (f) 10% below resonance. The legend in (b) applies to (b)-(f). At all frequencies below resonance, the measured height of the polystyrene feature decreased as a function of smaller set point ratios due to compression. (g) The compression of the polystyrene feature at operating drive frequencies of different %'s below resonance at a set point ratio of 0.6 are compared. As was predicted by simulation, compression increased as a function of % below resonance. ratio, the compression was larger when operated further below resonance, as shown for set point ratio 0.6 in figure 9(g).
As the tip-sample forces associated with imaging under all operating conditions compressed the soft step in simulation and the PS in real AFM experiments, we next determined if there was a simple relationship between the maximum tipsample force and observed feature height (figure 10). For simulations presented in figure 8, observed feature height had a linear relationship with the maximum tip-sample force at all operating frequencies (table 1), with the intercepts (11.7-11.9 nm) of the best fit line approaching the known true height of the feature step (12 nm). This linear relationship appeared independent of operating frequency, as the simulated data taken (a) A linear relationship between the measured feature height and maximum tapping force was observed in simulations (figure 8) at all operating frequencies. The R 2 value corresponds to the best fit line for all data points (simulations at all operating frequencies and set point ratios). (a) A linear relationship was also observed between the measured feature height and maximum tapping force in real tapping mode AFM experiments (figure 9) except at high maximum tip-sample forces (>20 nN). The R 2 value corresponds to the best fit line for all data points excluding those when the operating frequency was 10% below resonance due to the associated large maximum tapping forces. (This figure is in colour only in the electronic version) as a whole under all conditions remained linear. The linear relationship between measured feature height and maximum tip-sample force was also present in real tapping mode AFM experiments when operated at 90%, 70%, 50%, and 30% below resonance (table 1) . However at 10% below resonance (which is associated with higher imaging forces), the linear relationship no longer held. Analysis of the experimental data, excluding that taken at operating frequency 10%, the estimated height of the PS feature was ∼17.4 nm. Taken collectively, this analysis suggests that collecting images at varying tipsample forces can allow for the estimation of true heights of compressible surface features, provided that the imaging forces are not excessively large. 
Conclusions
As tapping mode AFM has become a ubiquitous technique for obtaining topography images of surfaces and measuring material properties at the nanoscale, a deeper understanding of the interaction between the probe tip and surface has become increasingly important. In order to improve the operation of tapping mode AFM, reduce the obtrusiveness of the imaging process, obtain quantitative explanations of measured material properties, and develop new techniques to measure different mechanical properties, the relationship between tip-surface interactions and the dynamics of the oscillating cantilever need to be resolved. While numeric simulation have long been used to understand the tip-sample force interactions associated with tapping mode AFM [2] [3] [4] [5] [6] [7] [8] [9] [10] , many of the valuable insights obtained in such studies have not been experimentally verified due to the inability to obtain timevarying tip-sample force interactions while operating AFM in the tapping mode. With the advent of new techniques [11] [12] [13] [14] [15] [16] , verification of these insights provided by numeric simulations is now achievable. The presented results verify that numerical simulations of tapping mode AFM based on a simple single degree of freedom point mass model capture many of the salient features associated with time-varying tip-sample forces as well as the impact of these forces on the imaging process. As analytical and numerical models are used extensively in understanding AFM imaging and in developing methods to evaluate material properties, it is imperative that AFM models are experimentally verified.
